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ABSTRACT
Graphing and modeling techniques were used to study the exchange of nutrients 
(NH4 , NOx‘, and PO 4 ' ) and dissolved oxygen across the sediment-water interface in 
the York River estuary, Virginia. The data were collated from nine previous studies 
where these fluxes were measured. NH4+ was almost always released from the 
sediments; highest releases occurred in late spring and late summer, with lower 
values throughout the rest of the year. Fluxes of NOx were a smaller component of 
the total nitrogen flux, and were generally negative (i.e. uptake by the sediments). In 
the summer, however, freshwater sediments released NOx into the overlying water. 
Generally, PO 4 " was released from the sediments, except for a small but consistent 
uptake in the winter months. Dissolved oxygen was always taken up by the 
sediments, with highest uptake in spring/early summer and fall, and lower values in 
mid-summer and winter months. With few exceptions, the values included in this 
study fell within published ranges for the Chesapeake Bay and its tributaries.
OxygemNitrogen flux ratios fell below the ratio predicted for aerobic decomposition 
of fresh organic matter, indicating that anaerobic processes are important in the York 
River sediments. NitrogemPhosphorus ratios were also below the expected ratio, 
indicating that sediment processes may contribute to nitrogen limitation of 
phytoplankton growth. Flowever, a simple nutrient budget that combines riverine and 
sediment sources estimated that only around 2 0 % of the phytoplankton demand for 
nitrogen and phosphorus could be met by the two sources combined. Other sources 
of nutrients must exist for the York River system.
Sediment nutrient and oxygen fluxes were modeled using Principal Components 
Regression (PCR), a multiple-regression technique that avoids problems with 
autocorrelation of the predictor variables. Around 50% of the variability in nutrient 
fluxes was explained by the PCR equations, though only about 25% of the variability 
in oxygen fluxes was explained. The same PCR technique predicted nutrient and 
oxygen fluxes in a Chesapeake Bay data set better than the mechanistic model used in 
the Chesapeake Bay Program’s water-quality model.
META-ANALYSIS AND MODELING OF BENTHIC NUTRIENT AND OXYGEN
FLUXES
INTRODUCTION
In deep-water aquatic systems (e.g. oceanic basins) the surface water is mostly 
decoupled ecologically from the benthos. Most of the fixed carbon that sinks from 
the surface is decomposed before it reaches the bottom (Karl & Knauer, 1984). The 
organic matter that does reach the bottom is generally assumed to be highly refractory 
and nutrient-poor. Nutrients may be released when it is broken down, but the bottom 
water can be isolated from the surface by great depths and strong density barriers. In 
other words, the coupling between the photic surface waters and the sediments is 
weak and indirect.
Estuaries, however, are relatively shallow water bodies compared to large lakes and 
oceans. Bottom sediments can strongly influence surface-water characteristics, and 
vice-versa. A substantial amount o f the estuarine primary production falls to the 
bottom and decomposes in the sediment. This benthic breakdown of organic matter 
has several effects: it generally consumes oxygen, and releases nutrients such as 
nitrogen and phosphorus. Thus, there are often less oxygen and more dissolved 
nutrients in the sediment pore-water than in the water above; when a gradient like this 
exists, there will be a flux o f these compounds toward the region of lower 
concentration.
2
Nutrient fluxes to and from the sediments can be very important in the nutrient 
budgets of shallow estuaries. They can be at least as large as nutrient inputs from 
external sources like rivers and groundwater (Boynton, et al., 1991b; Friedl, et al., 
1998; Cowan & Boynton, 1996), and can supply most or all of the daily nutrients 
needed for phytoplankton growth during some times of the year {e.g. Cowan & 
Boynton, 1996; Hopkinson, et al., 1999). Another crucial effect of benthic fluxes is 
to change the ratio of nutrients available for plant growth {e.g. Banta, et al., 1995; 
Cowan, et al., 1996; Hopkinson, et al., 1999). Under well-oxygenated conditions, 
most o f the phosphorus released during decomposition adsorbs to sediment particles 
instead of accumulating in the pore water (Krom & Berner, 1980; Callender, 1982). 
So, even if sufficient nitrogen is released, phytoplankton growth in the water column 
above may be limited by phosphorus availability. Finally, the flux of oxygen into the 
sediments can greatly reduce oxygen concentrations in the overlying water, leading to 
hypoxic or anoxic conditions.
Modeling is one of the most common ways to study nutrient and oxygen dynamics. 
Because benthic fluxes can be an important part of how an estuary functions, it is 
crucial to include them in any mathematical nutrient model of a shallow aquatic 
system. The problem is that the fluxes vary widely in space and in time. For 
example, phosphate fluxes were measured at three stations in the Chesapeake Bay for 
a year (Cowan & Boynton, 1996). In the mid-bay station, the phosphate release was 
about an order o f magnitude higher in early July as it had been two weeks earlier at 
the same site. Meanwhile, fluxes were essentially zero in northern- and southem-bay
stations at the same time. Phosphate even fluxed into the sediments at the northern- 
bay station in March.
Some models simply take the existing measurements for a system and interpolate the 
data for all places and all times (e.g. Taguchi & Nakata, 1998). This is the simplest 
approach, but perhaps not very accurate considering the aforementioned variability. 
The most common model predicts flux of a nutrient across the water : sediment 
interface by diffusion. The concentration gradient in the sediment’s interstitial water 
is measured, and diffusive flux is calculated according to Fick’s Law:
J„ = - 9 D ,—
D ' Sz
where Jd = diffusive flux, 6=  sediment porosity, Ds = whole-sediment diffusion 
coefficient (corrected for temperature), and SC/dz = change in concentration with 
depth in sediment. Some studies simply measure the sediment nutrient profiles, and 
report calculated flux based on diffusion alone (e.g. Hopner & Wonneberger, 1985). 
Many published reports give both a measured flux and a calculated diffusive flux, to 
compare the two methods (e.g. Callender & Hammond, 1982; Devol & Christensen, 
1993; Davey & Watson, 1995; Devol et al., 1997; Feuillet-Girard et al., 1997). The 
measured flux is, almost without exception, higher than that calculated based on 
diffusion alone by a factor of 1.5 (Devol et al., 1997) to 100 (Davey & Watson,
1995), with many values in the 2-10 range. The flux enhancement is commonly 
ascribed to bioturbation or bioirrigation by benthic organisms, even when their 
density and activity is not explicitly measured (Callender & Hammond, 1982; Devol 
& Christensen, 1993; Feuillet-Girard et al., 1997). In recent studies where
5macrofauna were quantified, they were correlated with increased benthic nutrient 
fluxes (Davey & Watson, 1995; Rysgaard et al., 1995), and changed porewater 
profiles (Mortimer et al., 1999). Other studies suggest the importance of bubble tubes 
in enhancing horizontal diffusion and/or advection (e.g. Klump & Martens, 1981). 
Finally, increased water flow above the sediments can enhance nutrient fluxes, even 
at shear-stress energies too low for sediment resuspension (Oldham & Lavery, 1999). 
Estimation from porewater profiles alone is thus not likely to accurately predict 
benthic fluxes for ecosystem modeling purposes. Grenz et al. (2000) took this 
approach one step further, however, using formulations similar to Equation 1 to 
model fluxes from concentration gradients, sediment porosity, sediment chlorophyll. 
The diffusion coefficient and sediment-surface nutrient concentrations were 
empirically fit to the data, and good results (R = 0.42 to 0.89) were obtained.
Several recent studies of nutrient cycling have used various methods to predict 
benthic exchange in cases where the nutrient fluxes were not actually measured. 
Sondergaard et al. (1990) studied a lake system where the external nutrient loadings 
were well-known. By measuring the nutrient concentrations in the single outflow, 
they inferred net benthic uptake or release within the lake. A similar mass-balance 
approach was taken by Eyre & Twigg (1997) in a study of the Richmond River 
estuary in Australia. They determined nutrient concentrations along an estuarine 
salinity gradient, and assumed that deviations from a straight-line mixing diagram 
were due to benthic fluxes. These budget approaches, however, ignore other sources 
and sinks for nutrients (e.g. groundwater inputs and phytoplankton uptake). Two box
6models of nutrient cycles directly incorporated benthic exchange. Janse et al. (1992), 
in their model of the phosphorus cycle, included benthic fluxes due to diffusion and 
sediment resuspension (assumed to be constant). Hoch et al. (1993) modeled benthic 
nitrogen flux as sediment resuspension, simply held at a constant rate over the spring 
bloom period. Hopkinson & Vallino (1995) took a very similar approach, modeling 
benthic nitrogen remineralization as a constant fraction of settled or flocculated 
organic matter.
Other models take a more complicated route: explicitly modeling the decomposition 
reactions that occur in the sediments, and the biological and physical causes and 
consequences of those reactions. For example, Lancelot & Billen (1985) predict 
nitrogen exchange across the sediment-water interface by modeling the 
nitrification/denitrification cycle. Flux is ultimately a function of overlying nitrate 
and oxygen concentrations, a mixing coefficient, and organic matter input rate to the 
sediment. An entire book was published recently to describe one researcher’s version 
of these complicated models (DiToro, 2001). While there is nothing intrinsically 
wrong with this approach, the problem is that the models described in the book do not 
closely predict the fluxes observed in nature. Only about 25% of the variability in the 
Chesapeake Bay, for example, was simulated by the model. Most often, researchers 
use models that are somewhere between these extremes of complexity. Nearly all of 
the available models, though, are similar in one respect: they try to represent benthic 
fluxes by explicitly writing equations to predict all or some of the chemical reactions
7in the sediment (e.g. decomposition, nitrification/denitrification, sorption onto 
sediment particles, etc.).
All of these approaches may be too complex. If a model simply seeks to represent the 
net exchange of nutrients and oxygen with the sediments, why does one need to know 
about each of the individual detailed reactions? Where can one look to find an easier 
way?
A very large number of studies report that benthic fluxes are related to environmental 
conditions at the time they are measured. For example, oxygen uptake by the 
sediments often correlates with bottom-water temperature (Boynton, et al., 1980; 
Banta, et al., 1995; Cowan & Boynton, 1996; Cowan, et al., 1996; Nedwell & 
Trimmer, 1996; Trimmer, et al., 1998; Hopkinson, et al., 1999). More ammonia 
fluxes out of the sediments when temperature is high (Boynton, et al., 1991b; Cowan 
& Boynton, 1996; Cowan, et al., 1996; Nedwell & Trimmer, 1996) and dissolved 
oxygen is low (Chiaro & Burke, 1980; Cowan, et al., 1996; Cowan & Boynton,
1996). Nitrate uptake by the sediments increases as the concentration of nitrate in the 
overlying water increases (Boynton, et al., 1980; Boynton & Kemp, 1985; Trimmer, 
et al., 1998). See Table 1 for more examples of this kind of relationship between 
fluxes and bottom-water environmental conditions (e.g. temperature, salinity, nutrient 
concentrations, oxygen concentration, etc).
Table 1. Published correlations between benthic nutrient and oxyger 
fluxes and am bient conditions
r lux Factor + or - h'W, t ,  orSW Reference
d 0 2 bottom H 2 0  chi - E Cowan & Boynton, 1996
d 0 2 +/- E Cowan & Boynton, 1996
d 0 2 + sw D evol & C hristensen, 1993**
d 0 2 + E Friedl, et al., 1998**
primary production + E Boynton, et al., 1980
sed im ent % carbon + E Clavero, et al., 2000
tem perature + E Boynton, et al., 1980
tem perature + E Cowan & Boynton, 1996
tem perature + E Cowan, et al., 1996
tem perature + E Giblin, et al., 1997
tem perature + E Nedwell & Trimmer, 1996
tem perature + E Trimmer, et al., 1998
tem perature + E Clavero, et al., 2000
N H / [N O /1] - E Cowan, et al., 1996
d 0 2 - E Cowan & Boynton, 1996
d 0 2 - E Cowan, et al., 1996
d 0 2 + E Friedl, e t al., 1998**
d 0 2 - FW Chiaro & Burke, 1980
d 0 2 + SW Devol & C hristensen, 1993**
primary production + E Cowan & Boynton, 1996
salinity + E Rysgaard, et al., 1999
sed im en t chi * + E Cowan & Boynton, 1996
tem perature + E Boynton, et al., 1980
tem perature + E Cowan & Boynton, 1996
tem perature + E Cowan, e t  al., 1996
tem perature + E Nedwell & Trimmer, 1996
tem perature + E Trimmer, et al., 1998
tem perature + E Clavero, et al., 2000
C:N in sedim ent - E Clavero, et al., 2000
C:N in seston - E Boynton & Kemp, 1985
N:P in seston + E Boynton & Kemp, 1985
N O x'1 [N O /1] + E Boynton, et al., 1980
[N O /1] + E Boynton & Kemp, 1985
[N O /1] + E Trimmer, et al., 1998
bottom H 2 0  chi - E Cowan & Boynton, 1996
d 0 2 + S W D evol & C hristensen, 1993**
salinity - E Boynton & Kemp, 1985
sed im ent Eh + E Cowan & Boynton, 1996
P O /J [N O /1] - FW A ndersen, 1982
[N O /1] - FW Baker, 1989
d 0 2 - E Cowan & Boynton, 1996
d 0 2 + E Friedl, e t al., 1998**
pH + FW Baker, 1989
sed im ent C:N - E Clavero, et al., 2000
sed im en t chi * + E Cowan & Boynton, 1996
sed im en t Eh + E Cowan & Boynton, 1996
tem perature + E Boynton, et al., 1980
tem perature + E Cowan & Boynton, 1996
tem perature + E Clavero, et al., 2000
dSi [N O /1] - E Cowan, et al., 1996
bottom H 2 0  chi - E Cowan & Boynton, 1996
d 0 2 - E Cowan, et al., 1996
d 0 2 + SW Devol & C hristensen, 1993**
d 0 2 + E Friedl, e t al., 1998**
primary production + E Cowan & Boynton, 1996
sed im ent chi * + E Cowan & Boynton, 1996
tem perature + E Cowan & Boynton, 1996
tem perature + E Cowan, et al., 1996
* one-m onth lag betw een  chi m ean and nutrient flux m ean (sum m er only)
** new  calculations b ased  on data published in th ese  papers
The present study has two main parts. The first part describes the benthic fluxes of 
nutrients and oxygen in the York River estuary using historic data: how big and how 
important are they in the system, and how variable are they? The second part is to 
investigate relationships between fluxes and bottom-water conditions in the estuary, 
and use this information to construct statistical descriptions of these fluxes. The same 
empirical method will be used to model nutrient fluxes in a Chesapeake Bay dataset 
and results will be compared to those obtained from an existing mechanistic model.
METHODS
Data set:
The data were collated from ten separate sources, each of which reports 
measurements of nutrient and oxygen flux in the York River estuary. The York River 
is a subestuary of the Chesapeake Bay, formed by the confluence of the Mattaponi and 
Pamunkey Rivers at West Point, Virginia. Its drainage basin is 69,000 km of which 
approximately 70% is forested, 22% is in crop land and pasture, and less than 2% of the 
land area is classified as urban (Bender, 1986). The surface area of the estuary is 211 
km at mean low water (Brooks, 1983). Most o f the benthic flux data were 
previously unpublished, some were from theses and dissertations from VIMS, and 
some were from two published studies. Table 2 lists the sources and some 
information about the completeness of each data set, and Figure 1 shows station 
locations within the estuary. The actual measurements of benthic exchanges were 
made by sediment incubations: when the oxygen or nutrient concentration changes 
significantly with time, a flux is recorded. The majority of the measurements were 
made on sediment cores incubated in the laboratory; only Gadbois (1984) included in
• 9 1situ incubations. All fluxes were converted to pmol m" h' for ease in comparisons 
and determining nutrient ratios. In a few cases, nitrite and nitrate were measured 
separately; for consistency with other data sources, these were added to form a total 
NOT flux.
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Qualitative analysis affluxes: To form a qualitative picture of the fluxes of these 
compounds and whether ambient conditions might influence them, the data were 
subdivided by various categories for box-and-whisker plots. See Table 3 for the 
category definitions. The category boundaries were arbitrary, created to divide the 
available data into two or more categories that contain roughly the same number of 
data points. The plots show the median value, first and third quartiles as the edges of 
the box, tenth and ninetieth quartiles as whiskers, and individual outliers as points. 
Fluxes were also divided by salinity region, and plotted by month to look for seasonal 
patterns.
Stoichiometric flux  ratios: The ratio of nitrogen flux : phosphate flux and sediment 
oxygen demand : nitrogen flux were determined. Flux ratios are calculated several 
ways in the literature, and are often reported without enough information to determine 
exactly how they were calculated. Sometimes it appears that an average flux ratio is 
calculated by dividing one averaged flux by another averaged flux; in other words, 
the data are averaged before the ratio is calculated (Cowan, et al., 1996; Hopkinson, 
et al., 1999), and the ratios are reported without any indication of variability. More 
often, instantaneous ratios are calculated from individual measurements and then 
seasonal averages are reported; calculation of the ratios precedes averaging (Boynton 
& Kemp, 1985; Banta, et al., 1995; Cowan & Boynton, 1996). What remains unclear, 
however, is whether the two methods produce different results and conclusions. In 
the present study, both methods were employed to calculate 0:DIN and DIN.POT 
flux ratios (DIN was the sum of NH4+ and NOx' fluxes) and the results compared.
Table 3. Definitions of grouping categories used in the box-plots.
low med high unit
temperature < 15 1 5 -2 5 >25 degrees C
dO < 5 5 - 7 > 7 mg L'1
[NH4+] < 5 5 -1 0 > 10 uM
[NO/] <2 2-10 > 10 uM
[PO /3] < 1 1 -2 >2 uM
sed %C < 0.65 0 .65-2 .5 >2.5 %
depth <=2 >2 m
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Percent o f  photosynthetic nutrient demand met by benthic fluxes: Water-column 
primary production and light attenuation data from the Chesapeake Bay Program’s 
online database (1989-2000) were used to calculate a rough estimate of 
phytoplankton nutrient demands. Only three York River stations were available, one 
freshwater and two estuarine (Figure 2), so the coverage was far from complete. 
Monthly mean surface primary production (carbon uptake per liter per hour, 
measured as uptake of radiolabeled carbon) was integrated over the monthly mean 
photic depth to give production per square meter, as follows. Assuming that 
phytoplankton concentration and the P-I curve parameters are both constant with 
depth, the standard light attenuation formula
(where Iz = light at depth z, Iq = surface light, and k = attenuation coefficient) can be 
extended to a formula for photosynthesis with depth:
(where P z = photosynthesis at depth z, and P q = surface photosynthesis). Integrated 
over the photic depth (depth of 1% light level, or z/%), the formula becomes:
(where Pint = depth-integrated photosynthesis). This hourly production was 
multiplied by 24 hours and by a modifier to reflect the actual light conditions for each 
month. This modifier was calculated from one year of the National Oceanic and 
Atmospheric Administration’s Sterling, Virginia, light measurements (NOAA, 2002).
(2)
(3)
(4)
\  v* ^
> \I
L ija ^
76.8"W 7 6 .6 ‘W 7 6 .4 'W
Figure 2. Station locations for photosynthesis data.
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Mean daily diffuse shortwave irradiation (W m"2) for each month was divided by 
maximum noon irradiance times 24 to give a unitless index, estimating what fraction 
of the total possible light (if maximum irradiance occurred over the whole 24-hour 
day) actually occurs (Table 4). The index is lowest in the winter when daylength is 
short, and reaches a maximum of 0.37 in May. For each month, then, the daily 
production was estimated as:
P daily =  2 4  A t 7  (5)
(where 1= unitless light index). In effect, this method assumes that the Chesapeake 
Bay Program’s I0 measurement represents the noon-maximum value, which will
likely give conservative estimates for daily photosynthesis. At this point, the data are
2  1 • expressed as carbon uptake m' day' . This depth-integrated daily production was
then converted to nitrogen or phosphate demand assuming the Redfield ratio of
106C:16N:IP. Seasonal average nutrient demand was compared to seasonal average
DIN and POT benthic fluxes tor each salinity region.
Comparison o f  benthic flux to riverine loading: Loadings of total nitrogen and total 
phosphorus (dissolved + particulate) were estimated using BasinSim 1.0, watershed 
modeling software developed for the York River (Dai, et al., 2000). Average 
monthly loadings from the Mattaponi and Pamunkey Rivers, in tons, were calculated 
for water years 1989 to 1995. The average monthly fluxes of DIN (NH4+ + NOx") and
3 2POT were extrapolated over the whole surface area of the estuary, 211 km at mean 
low water (Brooks, 1983), simply by multiplying the flux m ' 2 by the surface area.
Table 4. Unitless index of light availability. Measured daily diffuse irradiance was divided 
by maximum noontime diffuse irradiance times 24 hours.
/
January 0.25
February 0.29
March 0.31
April 0.33
May 0.37
June 0.34
July 0.34
August 0.32
September 0.31
October 0.30
November 0.25
December 0.25
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Fluxes were then converted to tons per month. Monthly flux was divided by monthly 
riverine loading to give a unitless ratio.
Yearly nutrient budget: The loading, benthic flux, and primary production data were 
combined to produce a simplified nutrient budget for the entire estuary. It must be 
emphasized that there may be many sources of error in this budget estimate, and the 
results must be viewed as a rough estimate only. Total yearly photosynthesis was 
estimated by taking the yearly total primary production per square meter (as described 
in the photosynthetic nutrient demand calculations, above), and extrapolating this 
measurement over the surface area of the estuary by multiplying the production m' 
by the surface area of the estuary (211 km"2). Redfield ratios of 106C:16N:1P were 
then used to estimate the total yearly phytoplankton demand for nitrogen and 
phosphorus. Benthic fluxes, similarly, were extrapolated simply by calculating a 
yearly mean flux and assuming this mean applies to the entire surface area. All 
measurements were then converted to tons for comparison with BasinSim’s modeled 
riverine loadings of total N and total P.
Principal Components Regression (PCR): The second part o f the analysis involved 
developing equations to calculate benthic exchanges that could be used in a water- 
quality model o f the York River estuary, using relationships between ambient 
conditions and the fluxes. Since the “independent” bottom-water variables in the 
regression may be correlated with one another (Boynton, et al., 1980; Banta, et al., 
1995; Cowan & Boynton, 1996; Cowan, et ah, 1996), multiple regression cannot be
20
used. Boynton et al. (1980) simply did regressions of single variables against flux 
one at a time, but this approach does not produce one equation that combines the 
effects of bottom-water conditions. One solution is to ignore combinations of 
independent variables that are autocorrelated and proceed with multiple regression on 
the remaining data (Cowan, et al., 1996). However, this excludes some variable 
combinations that may be important. Another method that has been employed is Path 
Analysis (Banta, et al., 1995). This method only indicates which independent 
variables are related to the dependent variable, but does not give equations that could 
be used in modeling. One method that has not yet been used is to first do Principal 
Component Analysis on the independent variables. The outcome is a new set of 
factors, linear combinations of the original variables but orthogonal to one another. 
These factors are then used as the predictors in a multiple regression.
The same Principal Components Regression (PCR) procedure was followed for each 
of the four compounds (NH44", NOx', P O f3, and O2). First, the flux data were divided 
by season (n = 5 to 54), because preliminary tests showed that different variables 
correlated with flux in different seasons. A Pearson correlation matrix of independent 
variables and fluxes was calculated, to test for autocorrelations and to identify which 
variables had the strongest correlations with flux. A principal component analysis 
(PCA) was then done for only the independent variables that had >0.2 correlation 
coefficient with flux measurements; the output is factors, linear combinations of the 
original variables that are orthogonal to one another. This step eliminates 
autocorrelations, and allows a regression to be performed. Finally, a backward-
21
elimination stepwise multiple regression was done using the PCA factors as 
predictors and flux as response (MINITAB™, 2002). The components were then 
examined to see which survived in the final regression equation (criterion was p  < 
0.15). If not all of the selected bottom-water variables were strongly represented in 
the component(s) that remained, the PCA and regression steps were repeated without 
the variable(s) that dropped out. The regression results were then back-calculated 
from factors to the original variables. The result of the whole process is one equation 
for each compound-season combination. The equations look just like the results from 
linear regression; the only difference is in how the coefficients for each variable were 
determined.
A Chesapeake Bay data set that DiToro (2001) used in developing the benthic flux 
sub-model for the Chesapeake Bay Program’s water quality model was run through 
the same PCR procedure as a validation step. The data set was downloaded from the 
author’s website:
http://www.engineering.manhattan.edu/environmental/faculty/dditoro/dmd-sfm.html. 
The compounds included are: NH4+, NO3 ', PO4 '3, O2 , and Si. The data set did not 
include salinity measurements, so these values were estimated. Salinity was reported 
in the Chesapeake Bay Program’s online database at stations very similar to those 
used in DiToro’s models. Mean monthly salinity was calculated for each station from 
15 years’ data (1985-2000).
RESULTS
Data set: When the data were pooled, there were 428 measurements: 114 NH4+, 110 
NOx", 97 PO4 ' , and 107 O2 . The raw data are shown in Figure 3, and are given in 
tabular form in Appendix 1. The data cover all seasons, but unevenly: only 7% of the 
measurements were taken in winter, 29% in spring, 52% in summer, and 12% in fall. 
Spatial coverage was also uneven: 7% of the data were from tidal fresh water, none 
from oligohaline, 56% from mesohaline, and 37% from polyhaline stations. Each 
source also reported some measurements of the ambient conditions, e.g. temperature, 
bottom-water dissolved oxygen, salinity, etc. Table 5 gives ranges for each of the 
environmental variables and fluxes included in the database, and published ranges 
from other sources for comparison. The ranges in the pooled data set are at least as 
large as other published sources, indicating that the benthic flux data set should be 
reasonably complete.
Qualitative analysis o f  fluxes:
N O f: Generally, NOx‘ was taken up by the sediments (Figure 4). In the polyhaline 
reaches of the river, the flux was essentially zero for much of the year, with a definite 
negative flux (from water column to sediments) only in May and September. The 
mesohaline region showed uptake in January and August, release in March, and 
nearly zero flux at all other times. Data for the freshwater region were available only 
for June and August, but showed relatively large release of NOx’ for both months.
2 2
Table 5. Range of environmental factors and fluxes found in the database  
compiled for this study. Som e published values for the York River estuary 
are shown for comparison
Database Values Published Values
Factor Low High Low High Unit
temperature 6 . 2 29.6 3.5ab 26.2ab °C
depth 1 23 ~28a m
salinity 0 28.2 0 a 25a ppt
sediment percent carbon 0.015 4.14 0.035c 5.56c %
bottom-water dissolved oxygen 1.16 12.3 o '-si Q
.
CO Q
.
mg L' 1
bottom-water [NH4+] 0.5 25
3  1 ab 13.3ab uM
bottom-water [NOx'] 0 60 0.3ab 1.7ab uM
bottom-water [P 04'3] 0 . 1 7.9 0 .1 ab 0.5ab uM
N H / flux -160 771 umol m ' 2 h' 1
NOx‘ flux - 1 1 0 117 umol m"2 h' 1
P 0 4 ‘3 flux -137 50 umol m ' 2 h' 1
0 2 flux -4320 1870 umol m ' 2 h' 1
a Bender, 1986 
b Lower York values only 
c Hobbs, 1994 (Winter only)
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Figure 3. Raw York River benthic flux data. A: ammonium. B: nitrate. C: phosphate  
D: oxygen. Red circles are from the freshwater region, blue circles are m esohaline, 
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Graphs by category suggest no effect of sediment percent carbon (Figure 5a) or depth 
(Figure 5c) on NOx' fluxes. There is some indication that high NOx" concentration 
and low dissolved oxygen in the bottom water both increase NOx" uptake by the 
sediment (Figure 5b and 5d).
NH/ :  With the exception of the summer-only freshwater data points, ammonium 
dominated the total nitrogen flux. The NFL^ flux was almost always directed from 
sediments to water column (Figure 6 ). The polyhaline region showed a very small 
uptake in January, but note that this is only one data point; otherwise, the release was 
low in winter and spring months (< 40 pmol m ' 2 h '1), and higher (> 200 pmol m ' 2 d"1, 
but with higher variability) in late spring and late summer. In the mesohaline 
stations, there is a relatively constant release of NH4+ from the sediments beginning in 
March (50 to 90 pmol m ' 2 h"1), with a slight increase in late summer. The summer- 
only freshwater measurements show ammonia release, smaller in June than the NOx' 
release at the same time. Categorical graphs suggest no clear influence o f bottom- 
water NH4+ concentration (Figure 7b), but increased release at deeper stations (Figure 
7c) with higher sediment percent carbon (Figure 7a) and low dissolved oxygen 
(Figure 7d).
PO4'3: Phosphate was mostly released from the sediment to the overlying water
(Figure 8 ). Fluxes in the polyhaline were relatively low and constant throughout the
2  1 2  1 year (0.5 to 4 pmol m‘ d" ), with a peak release in June (-21 pmol m‘ d" ) and small
2 1but consistent uptake by the sediments in winter months (maximum -5  pmol mf d’ ).
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Figure 5. NOx' flux measurements divided by categories. A: percent carbon 
in the sediment. B: bottom-water concentration of NOx\  C: water-column depth.
D: bottom-water dissolved oxygen concentration. See Table 3 for category 
definitions.
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Mesohaline stations also showed constant low release (1 to 9 pmol m ' 2 d’1), except for
one large uptake measured in January (-70 pmol m ' 2 d’1). Phosphate was also taken
2 1up by the sediment in the one freshwater point in late summer (only ~3 pmol m" d" ). 
Graphs by category show no clear-cut influence of depth, bottom-water PO4" 
concentration, or sediment percent carbon (Figure 9a -  9c); depleted bottom-water 
oxygen may increase PO4" release, but there were too few measurements in low 
dissolved oxygen conditions to be conclusive (Figure 9d).
O2: Oxygen was always taken up by the sediments (Figure 10). In the polyhaline
2 1region, uptake was small in winter (< 500 pmol O m' d" ), with peaks in summer and
2 1late fall (> 2000 pmol O n f d" ). The pattern in the mesohaline is quite different,
2 1with relatively high spring and fall uptake (> 1200 pmol O nT d‘ ), but quite low
2 1June and July values (< 650 pmol O m' d‘ ). The two freshwater uptake means, both
2 1in summer months, were also relatively low (< 450 pmol O m' d' ). Box-plots by 
category show no clear influence o f sediment percent carbon, depth, or bottom-water 
dissolved oxygen concentration (Figure 11).
Stoichiometric 0:D IN flux ratios: Results calculated as ratios of seasonally averaged 
fluxes are shown in Figure 12. Redfield ratios of 13.25 (expected if all organic 
nitrogen is decomposed to NH4+) and 17.25 (if all organic nitrogen is nitrified to NO3 ' 
) are shown for comparison (Cowan, et al., 1996). In the polyhaline, the ratio is 
negative in winter, because DIN is taken up by the sediments; the ratio approximates 
the Redfield ratio for the rest of the year. Mesohaline ratios are above Redfield in
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winter, below in summer, and close to expected in spring and fall. The one summer 
freshwater measurement is also below Redfield. In all cases, though, the standard 
deviations of each mean are quite large, meaning that estimated propagated error bars 
are also relatively large. This makes the patterns essentially uninterpretable. Results 
for ratios calculated as the arithmetic mean of instantaneous flux ratios are shown in 
Figure 13. Calculated this way, the results are quite different. In the polyhaline, the 
ratio is below Redfield in winter and spring, well above in summer, and negative 
(DIN uptake) in fall. In mesohaline stations, the ratio is at Redfield in winter, 
negative in spring and summer, and well below Redfield in fall. The summer 
freshwater ratio is distinctly above Redfield. The propagated error estimates are 
smaller for this method, but still large enough to call winter and spring patterns into 
question. If the instantaneous ratios are expressed instead as the median (Figure 14), 
the results are more similar to ratios determined using seasonal means. The one very 
different ratio comes in the winter mesohaline: the median instantaneous value is 
close to Redfield, whereas the seasonal mean was well above.
Stoichiometric DIN:PO/ 3 flux ratios: Results calculated as ratios of seasonally 
averaged fluxes are shown in Figure 15. The expected Redfield ratio based on 
decomposition of healthy phytoplankton is 16 and shown on the graphs for 
comparison. The winter value in the polyhaline region is a mathematical artifact: the 
ratio is positive, but only because both of the fluxes were directed into the sediment. 
Otherwise, the spring polyhaline ratio was above Redfield, summer was close to 
Redfield, and fall was far above (by more than an order of magnitude). In the
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mesohaline, the ratio was negative in winter (PO4"3 uptake), and above Redfield for 
the rest of the year. The summer freshwater ratio was also negative due to PO4’ 
uptake by the sediments. Again, though, the propagated standard deviations are so 
high that the patterns are basically uninterpretable. The results when ratios were 
calculated as the mean of instantaneous ratios were again very different (Figure 16). 
The winter polyhaline was still positive because of two negative fluxes, but the ratio 
remained below Redfield for the spring and summer, and close to Redfield in fall.
• • • • • •  3 >The mesohaline ratio is negative in winter (PO4" uptake), an order of magnitude 
higher than Redfield in spring, an order of magnitude negative (PO4' uptake) in 
summer, and just below in fall. The summer ratio for freshwater agrees with that
• 3 •calculated above, negative because of sediment PCfi" uptake. Estimated standard 
deviations are much smaller than with the previous method. A third very different 
result comes from taking the median of the instantaneous fluxes (Figure 17). The 
winter polyhaline is still a positive ratio of two negative fluxes, but the ratio is now 
close to Redfield in spring, and below in summer and fall. In the mesohaline, the 
ratio is still negative in winter (PCV uptake), but it otherwise follows the polyhaline 
pattern: close to Redfield in spring (very high variability), below in summer and fall. 
The summer freshwater ratio is still negative (PCV uptake).
Percent ofphotosynthetic nutrient demand met by benthic fluxes: Seasonal 
photosynthesis data are shown in Figure 18, and have been analyzed in detail 
elsewhere (Sin, et al., 1999). Figure 19 shows the percent o f photosynthetic nitrogen 
demand met by benthic fluxes. In the polyhaline region, the percent is slightly
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negative in winter (reflecting a small uptake of nitrogen by the sediment), steadily 
increases to a summer peak, then declines again in fall. In the mesohaline, the 
percent is highest in the fall when photosynthesis is low, intermediate in the spring 
and summer, and lowest in the winter. The one freshwater measurement, in the 
summer, gives the highest percentage of all, at 67%. Figure 20 shows the percent of 
photosynthetic phosphorus demand met by sediment fluxes. Again, percent demand 
in the polyhaline is negative in winter, rising to a summer peak, and declining again 
in the fall. The percent is also negative in winter in the mesohaline and relatively 
constant through the rest o f the year, but again rising to a slight peak in the fall. The 
summer freshwater value is also negative, reflecting uptake of phosphate by the 
sediments.
Comparison to riverine loading: Table 6  gives monthly loadings for nitrogen and 
phosphorus, plus the monthly mean fluxes for DIN and POT3 extrapolated over the 
area of the York River estuary. Figure 21 shows the ratio of total fluxes to riverine 
loadings; values over the 1 :1  line indicate that the flux is larger than the loading, and 
values below the line indicate that loading is larger than benthic flux for that month. 
When the sediments take up the nutrient, on average, the ratio is negative. DIN is 
removed by the sediments in the winter, and riverine loading exceeds sediment flux in 
spring. However, in summer and fall, sediment regeneration of nitrogen is larger than 
riverine nitrogen inputs. Phosphate is also absorbed by the sediments in winter,
resulting in a negative ratio. In spring, the riverine loadings dominate, except for
■1
April. June and July have sediment POT release that exceeds riverine inputs, then
Table 6. Comparison of external riverine loadings of total inorganic N and total 
inorganic P to benthic fluxes. Loadings are estim ates from the BasinSim 1.0 
watershed model (Dai, et al., 2000). Inorganic fluxes are monthly m eans 
extrapolated over the total estuary area. All numbers are given in tons.
Total N load Total P load NFlux Pflux Nflux:Load Pflux:load
January 146.0 23.5 -50.4 0.0 -0.3 -4.4
February 86.7 8.5 12.8 0.0 0.1 0.0
March 227.3 39.1 59.6 8.8 0.3 0.2
April 114.5 4.6 34.2 7.6 0.3 1.7
May 81.3 11.9 107.1 1.0 1.3 0.1
June 36.5 1.9 60.4 13.5 1.7 7.2
July 21.3 4.9 62.2 8.6 2.9 1.8
August 24.5 7.1 167.1 4.9 6.8 0.7
September 13.4 4.3 83.0 5.6 6.2 1.3
October 15.4 5.0 152.2 5.1 9.9 1.0
November 66.6 16.1 -10.7 -4.3 -0.2 -0.3
December 85.7 14.3 -6.8 -1.5 -0.1 -0.1
Yearly 919.1 141.1 670.7 -54.9 0.7 -0.4
■ 
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the two are essentially equal in magnitude through August and the fall months. 
However, for both nitrogen and phosphorus, yearly riverine loadings are larger than 
extrapolated benthic fluxes. Riverine loadings are larger than DIN flux by a factor of 
1.4. Total phosphorus loading exceeds POT flux by a factor of 2.6 in magnitude, but 
the sum of all phosphate fluxes was actually negative (uptake by sediments) because 
of high January uptake.
Yearly nutrient budget: Total primary production for the York River estuary was 
estimated to be 37,500 tons of carbon per year. Assuming Redfield ratios, the total 
demand for nitrogen would be about 7,100 tons. Mean benthic fluxes extrapolated 
over the entire estuary give a total DIN supply o f 670 tons per year. Modeled riverine 
loading contributes 920 tons of total nitrogen (dissolved + particulate). Thus the 
combined supply of nitrogen from rivers and sediments is only about 1590 tons per 
year, or about 22.5% of photo synthetic demand. Total phosphorus demand, assuming 
Redfield ratio, is estimated to be about 915 tons. Mean annual benthic flux is actually 
negative for PO4’ , due to the large winter mesohaline uptake. Extrapolated over the 
year, this would give a sediment demand of 55 tons per year. Supply from the rivers 
is modeled to be 140 tons per year. Thus, the supply of phosphorus from the rivers 
only meets about 15% of the combined photosynthesis and sediment demand. If, 
however, the one large PO4'3 uptake is assumed to be anomalous and excluded from 
this analysis, the sediments then supply 44 tons per year. The total phosphorus 
supply from rivers and sediments would be about 184 tons, or about 20% of the 
photo synthetic demand.
50
Principal Components Regression (PCR):
York River PCR:
The Pearson correlation matrices for each season is shown in Table 7. Generally, 
different combinations of bottom-water variables are inter-related in each season.
Only two pairs were significantly related in three of four seasons (p < 0.10): depth & 
dissolved oxygen, salinity & NOx" concentration, and NH4+ flux & O2 flux. In these 
cases, there was a significant negative correlation in all three seasons. There were 
thirteen correlations that repeated in two seasons. However, in seven of these cases 
the direction of the relationship was different in the two seasons. For example, NH4+ 
concentration was negatively correlated with salinity in the Spring and positively 
correlated in Summer. Overall, Summer had the most significantly correlated 
variables (22 of 6 6  combinations) and Winter the least (10 of 6 6 ). In four cases, the 
concentration of a nutrient was related to the flux of that same nutrient. In Summer 
and Fall, NOx" concentration was negatively correlated with NOx- flux; i.e. sediment 
uptake of NOx' increased as concentration increased. This relationship was also true 
for Winter PO4'3 flux: high concentration of PO4'3 coincided with sediment PO4"3 
uptake. However, the opposite was true for PO4"3 in the Spring, when increased 
bottom-water concentration was related to increased benthic release.
The results o f the Principal Components Analysis (PC A) are shown in Table 8 .
Again, it must be emphasized that this is not a comprehensive PCA, because the 
purpose in this case was simply as a data transformation. Thus, the only variables
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Table 8. Principal Components Analysis of the bottom-water variables 
that are included in the regression model equations.
season n
eigen­
values
variance%
explained
component loadings
variable factorl factor2 factor3 factor4 factors
NH4 spring 15 1.468
1.053
0.479
48.9
35.1
16.0
dO
sal
%C
-0.588
0.725
-0.358
0.558
0.044
-0.829
0.585
0.687
0.430
summer 15 2.036
1.669
0.183
0 . 1 1 1
50.9
41.7
4.6
2 . 8
dO
sal
%C
depth
-0.270
0.632
-0.444
0.575
-0.690
-0.240
0.568
0.379
0.321
-0.644
-0.300
0.627
-0.590
-0.359
-0.625
-0.365
fall 8 2.268
0.606
0.126
75.6
2 0 . 2
4.2
dO
sal
depth
-0.590
-0.501
0.633
0.519
-0.836
-0.179
-0.619
-0.223
-0.753
NOx spring 26 1.046
0.954
52.3
47.7
temp
sal
0.707
-0.707
0.707
0.707
summer 19 1.710
1.052
0.238
57.0
35.1 
7.9
dO
sal
[NOx]
-0.410
-0.561
0.719
0.795
-0.606
-0 . 0 2 0
0.447
0.564
0.694
fall 8 2.268
0.606
0.126
75.6
2 0 . 2
4.2
dO
sal
depth
-0.590
-0.501
0.633
0.519
-0.836
-0.179
-0.619
-0.223
-0.753
P04 spring 2 0 1.427
1.070
0.502
47.6
35.7
16.7
%C
temp
[P04]
-0.613
0.300
-0.731
0.514
0.854
-0.080
0.600
-0.425
-0.678
fall 1 0 1.903
0.696
0.402
63.4 
23.2
13.4
%C
temp
[P04]
-0.631
-0.559
-0.538
0.050
0.663
-0.747
0.774
-0.498
-0.390
0 2 spring 16 1.790
1.294
1.157
0.585
0.174
35.8
25.9 
23.1 
11.7
3.5
depth
sal
dO
[NOx]
[P04]
0.447
0.599
-0.440
-0.497
0.034
0.286
-0.469
-0.425
0.117
0.710
-0.478
0.023
0.315
-0.647
0.503
0.675
-0 . 0 0 2
0.720
-0 . 0 2 2
0.162
-0.187
0.649
0.090
0.566
0.464
summer 2 1 2.142
1.233
0.847
0.546
0.232
42.8 
24.7
16.9
10.9 
4.6
depth
temp
[NH4]
[NOx]
[P04]
-0.563
0.480
-0.567
0.144
0.333
0.007
-0.027
0.151
-0.757
0.635
0.443
0.631
0.392
0.356
0.353
0.365
0.511
-0.344
-0.496
-0.491
-0.595
0.330
0.620
-0.184
-0.346
fall 8 2.722
0.988
0.250
0.040
6 8 . 0
24.7
6.3
1 . 0
depth
temp
dO
[NOx]
0.587
-0.323
-0.549
0.499
0.168
-0.841
0.284
-0.429
-0.198
-0.219
0.596
0.747
0.767
0.375
0.512
-0.095
winter 6 1.549
0.451
77.5
22.5
sal
[P04]
0.707
-0.707
0.707
0.707
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analyzed are the bottom-water characteristics that are to be included in the subsequent 
regression equations.
Equations resulting from PCR analysis are given in Table 9. There were several 
cases when the PCR procedure did not result in any acceptable equations (p > 0.15; 
higher than the usual p value, sacrificing the certainty in the significance of each 
slope in order to improve the predictive strength of the model). Generally, this 
occurred with winter data, where the n was low; however, summer phosphate flux 
was also not predicted well by any relationship with bottom-water conditions.
"b • 2Predicted vs observed values for NH4 flux are shown in Figure 22a. The overall R 
for spring, summer, and fall combined was 0.49. Dissolved oxygen and salinity 
appear in all three equations, and two included sediment percent carbon and depth. 
Predicted vs observed values for NOx" flux are shown in Figure 22b. The overall R 
for spring, summer, and fall combined was 0.48. Salinity again appeared in all three 
equations, and two included dissolved oxygen. Predicted vs observed values for
3 2spring and summer PO4 ' flux are shown in Figure 22c. The overall R for the two 
seasons combined was 0.59. Both equations included sediment percent carbon, 
temperature, and bottom-water PO4’3 concentration. Predicted vs observed values for 
O2 flux are shown in Figure 22d. The overall R2 for all seasons combined was 0.26. 
Salinity is included in the equation for all four seasons, dissolved oxygen 
concentration in three equations, and depth and temperature each appear once.
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Chesapeake Bay PCR: The raw Chesapeake Bay data are shown in Figure 23; the 
dataset only covers three seasons, so winter fluxes could not be modeled. The 
equations resulting from the PCR analysis are given in Table 10. Predicted vs
I y
observed values for NH4 flux are shown in Figure 24a. The overall R for the three 
seasons combined was 0.62. Bottom-water concentration of NFl4+ appeared in all 
three equations; two included dissolved oxygen and temperature. Predicted vs
# y
observed values for NO 3 ' flux are shown in Figure 24b. The overall R for the three 
seasons combined was 0.32. Salinity and bottom-water NO3" concentration are 
important in all three equations. Predicted vs observed values for PO4" flux are 
shown in Figure 24c. The overall R for the three seasons combined was 0.58. 
Temperature and bottom-water NH4+ concentration are the only two factors that 
appear twice; no other factors seem consistently important. Predicted vs observed 
values for O2 flux are shown in Figure 24d. The overall R for the three seasons 
combined was 0.33. Temperature and bottom-water ammonia concentration appear 
in two equations. Predicted vs observed values for Si flux are shown in Figure 24e. 
The overall R for the three seasons combined was 0.33. Salinity, temperature, and 
bottom-water NO3 ' concentration appeared in two of the three equations.
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DISCUSSION
Most of the observed York River benthic fluxes were within reported ranges for the 
mainstem Chesapeake Bay and the Patuxent River tributary (Table 11). The only 
monthly means that were outside o f reported ranges were the high January uptake of 
phosphate in the mesohaline region and high January uptake o f ammonium in the 
polyhaline region.
Seasonal flux patterns were also generally comparable to other studies of the 
Chesapeake Bay and its tributaries. NOx" is usually taken up by the sediments 
(Boynton, et al., 1980, Cowan and Boynton, 1996), in agreement with this study. The 
summer release of NOx’ observed in the freshwater York River is also not 
unprecedented, though the one similar release was from the polyhaline Chesapeake 
Bay (Cowan & Boynton, 1996). In fact, Boynton, et al. (1991b), report that summer 
NOx' uptake was often highest in the upper reaches of the Chesapeake Bay tributaries 
where NOx‘ concentrations are high. Summertime water-column concentrations of 
NOx" in York River estuary are also higher at low salinities (Sin, et al., 1999), so this 
is an unexpected result. In fact, it is possible that the large release from the sediment 
is partly causing the high NOx" concentration. Instead of the high water-column 
concentration enhancing sediment uptake (as implied for the mainstem Chesapeake 
Bay in Boynton, et al., 1999b), the high concentration in the York River’s freshwater 
region might be at least partly caused by large releases of NOx‘ from the sediment.
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Ammonium has usually been found to dominate the total DIN flux in the Chesapeake 
Bay and its tributaries (Boynton, et al., 1991b) and other estuaries (e.g. Plum Island 
Sound, Mass.; Hopkinson, et al., 1999). The same is true in the York River estuary 
based on these studies, with the one exception of the summertime freshwater 
measurements. The most common seasonal pattern for NH4+ is small release (or 
small uptake) in winter, low release spring and fall, and the highest release in summer 
(Boynton, et al., 1980; Boynton, et al., 1991b; Cowan & Boynton, 1996). Roughly 
the same pattern was observed in the York River overall, with small winter uptake 
and peak release in late summer. Table 7 shows that NH4+ release correlates with O2 
uptake in spring, summer, and winter; this indicates that ammonium release is usually 
a function of the decomposition o f organic matter.
Further support for the relationship among organic carbon supply, oxygen uptake, and 
ammonium release comes from the early spring York River data. In both the 
mesohaline and the polyhaline regions, oxygen uptake and ammonium release begin 
to increase from their low winter levels in March. Perhaps significantly, March is 
also the month when phytoplankton blooms begin in the river-estuarine transition 
regions of the York (Sin, et al., 1999). Perhaps labile detritus from these blooms 
provides fuel for benthic decomposition (Grenz, et al., 2000). There is no clear, 
consistent pattern over the year, however; both phytoplankton biomass and primary 
production were quite high in the middle and upper York in June, when mesohaline 
oxygen uptake fell to essentially zero.
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The pattern of PO4 '3 flux reported for Chesapeake Bay and tributaries is generally low 
release throughout the year except for a summer peak (Boynton, et al., 1980;
Boynton, et al., 1991b; Cowan & Boynton, 1996). The polyhaline York estuary 
appears to conform to this pattern, but the large January uptake in the mesohaline 
York is apparently unprecedented. Small summer uptake of POT has been reported 
for the freshwater portions of the Plum Island Sound estuary in Massachusetts 
(Hopkinson, et al., 1999), so the measured uptake in the freshwater York in August is 
not unexpected.
Overall, the importance of benthic nutrient fluxes to photosynthetic demand in the 
York River is comparable to other estuaries. The maximum percentage of the 
demand met by benthic fluxes is 67% and 38% for DIN and PO4" , respectively, 
compared to maximal seasonal values of 93% of nitrogen demand and 168% of 
phosphorus demand in the mainstem Chesapeake Bay (Cowan & Boynton, 1996). 
Table 12 gives other values from the Chesapeake Bay and its tributaries for 
comparison. The values for the York River estuary are basically in line with the other 
data sets from the region. The seasonal pattern is somewhat different from the 
mainstem Chesapeake Bay stations (Cowan & Boynton, 1996), especially for 
phosphate: the York River’s winter uptake of phosphate is again unusual, and the 
York data are fairly constant across the other seasons in contrast to the 
summer/winter peaks observed in the Chesapeake Bay.
Table 12. Percentages of photosynthetic nitrogen and phospate demand 
met by sedim ent nutrient fluxes. York River values are from the present study; 
other estim ates from the C hesapeake Bay and its tributaries are shown 
for comparison.
season
N demand 
(mmol m'2 d'1) %N
P demand 
(mmol m'2 d'1) %P
York River3 Freshwater Summer 9.4 67 0.58 -32
Mesohaline Winter 7.2 8 0.45 -236
Spring 14.3 37 0.90 23
Summer 13.0 33 0.81 24
Fall 7.3 56 0.46 38
Polyhaline Winter 34.1 -4 2.13 -3
Spring 50.1 1 2 3.13 4
Summer 36.4 30 2.27 32
Fall 33.7 13 2 . 1 1 1
Chesapeake Bayb North Bay Winter 2.49 13 0.16 0
Spring 0.55 93 0.03 15
Summer 5.41 1 0.34 0
Fall 0 . 8 6 0 0.05 0
Mid-Bay Winter 8.39 14 0.52 8
Spring 16.97 28 1.06 8
Summer 26.37 30 1.65 74
Fall 12.49 2 0 0.78 6
South Bay Winter 1 . 0 1 39 0.06 168
Spring 9.43 2 2 0.59 8
Summer 19.67 2 1 1.23 2 2
Fall 6.09 16 0.38 17
Patuxent Riverc Mesohaline Summer n/a 0-190 n/a 52-330
Potomac Riverd Estuarine Summer 5 35 0 . 2 27
aPresent study 
bCowan & Boynton, 1996 
cBoynton, et al., 1980 
dCallendar& Hammond, 1982
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One of the other nutrient sources to the system, riverine loadings, was assessed by 
comparison with benthic fluxes. Though the extrapolation of fluxes over the entire 
estuary is crude, at best, the results are still instructive. Riverine loadings of nitrogen 
are smaller than extrapolated benthic fluxes through most of the growing season, 
beginning in May and not ending until November. This information, combined with 
the comparison with photosynthetic demand above, indicate that there must be other 
large sources of nitrogen to the York estuary during the summer and fall months. For 
phosphate also, riverine inputs would not be enough to make up the difference 
between sediment supply and photo synthetic demand. In February and March, 
external loadings were relatively high, but benthic fluxes were at least as large as 
loadings for the rest of the year.
In fact, a simple yearly nitrogen and phosphorus budget for the York River 
demonstrates that only - 2 0 % of the phytoplankton demand for nutrients can be met 
by riverine loadings and sediment fluxes combined. The assumptions inherent in this 
sort of analysis clearly mean that the details of the percentages cannot be accurate. 
However, it can be concluded with some confidence that a large supply of nutrients to 
the system has not been accounted for in this simplified budget. Boynton, et al.
(1995) in a nitrogen and phosphorus budget for the Chesapeake Bay and some 
tributaries estimated that micro- and macrozooplankton excretion together could total 
about half of the yearly benthic nitrogen flux, and 170% of the benthic phosphorus 
flux. Rain falling directly on the estuarine surface averaged only 12% and 7% of the 
benthic N and P flux, respectively, but this can also be added to the total nutrient
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sources for the York River. An analysis of nitrogen cycling in the mesohaline 
Chesapeake Bay (Baird, et al., 1995) estimated benthic regeneration to account for 
only about 60% of the total recycled nitrogen sources in a year. Thus, there is 
evidence that other nutrient sources, both new and recycled, can be of the same order 
of magnitude as inorganic benthic fluxes. Groundwater inputs, organic nutrients, and 
dry atmospheric deposition could also be important sources; sediment burial, bacterial 
nutrient uptake, denitrification, and exchange at the downstream boundary could be 
other potential losses (Boynton, et al., 1995). Nutrients, especially NH4+, are also 
added back to the water column by resuspension events (Morin & Morse, 1999), a 
pathway that may be especially important in the turbidity-maximum region of the 
York River estuary where there is tidally-forced disturbance of the sediments 
(Schaffner, et al., 2001). The simple budget presented here is thus clearly incomplete, 
but does point to benthic fluxes as being one important component of nutrient cycling 
for the system.
It is difficult to determine the proper method for calculating and reporting flux ratios. 
Two mean-methods commonly employed in published literature give very different 
results for the York River data set, and the third analysis using the median show still 
different patterns. This confusion is especially troubling since researchers often infer 
the importance o f other estuarine processes from these ratios. An 0:N  ratio above the 
Redfield ratio implies removal of nitrogen by nitrification/denitrification, suggesting 
that the estuary can “buffer” riverine inputs. In many studies, this method is the only 
measure of the percentage of nitrogen removed by nitrification/denitrification. An
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0:N  ratio below Redfield, however, indicates that anaerobic decomposition is 
occurring, because less oxygen is being taken up than the release of nitrogen requires 
for aerobic processes. If the N:P ratio is above Redfield, phosphate is being retained 
by the sediments and benthic fluxes will contribute to phytoplankton production 
being phosphate-limited. Thus, if these conclusions are to be trusted, the ratios must 
be calculated correctly. The median and quartiles, being insensitive to outliers, 
should be used as the measure of central tendency. Ratios are especially prone to 
having a few very large values; if the flux in the denominator is small (but non-zero), 
the ratio will be essentially infinite. This sensitivity to outliers also results in 
relatively large standard-deviation estimates, further casting doubts results based on 
the mean. One large ratio can skew an arithmetic mean, but the median would be 
unaffected.
The median flux ratios, then, suggest several conclusions about nutrient cycling in the 
York River estuary. The DINiPOf3 ratio is always less than the Redfield Ratio for all 
salinity regions and all seasons, indicating sediment processes may contribute to 
nitrogen limitation of phytoplankton growth. However, because the photosynthetic 
demand for both nitrogen and phosphorus is usually much larger than the fluxes, the 
influence o f the benthic fluxes on nutrient limitation is probably small. The 
SODiDIN ratio is almost always below the Redfield ratio for aerobic decomposition 
of fresh organic matter. This indicates that at least some anaerobic decomposition 
occurs in all salinity regions and in all seasons. The one exception is the polyhaline 
region in Spring, where the ratio is very close to the Redfield ratio, indicating aerobic
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decomposition. There were, however, no places or times where the median 
SOD:DIN ratio was clearly above the Redfield ratio. This result suggests that little 
nitrogen is lost through the nitrification/denitrification process. Nitrification rates 
have been measured in the York River shoal sediments, and are similar to rates in 
other estuaries (Morris, 1990). The nitrate that results from nitrification must go to 
pathways other than denitrification.
The Principal Components Regression technique is a reasonably good tool for 
modeling benthic fluxes. There were seven variable combinations in the PCR 
equations that were significantly autocorrelated (p < 0.1; see Table 7); these 
combinations would not have been valid with simple least-squares regression. With 
the exception of oxygen fluxes, the York River equations predicted half or more of 
the variance. The overall prediction was not as good for oxygen uptake, especially 
for the large summer dataset which reduced the R calculated for all seasons 
combined. The equations given could be used in York River water quality models 
that predict dissolved oxygen and nutrient concentrations, temperature, and salinity.
A model that includes sediment percent carbon should also be included to properly
■j
predict PO f fluxes in the York River.
Predictions from the PCR method were better than those made under the Chesapeake 
Bay Program’s (CBP) water-quality model (DiToro, 2001). Most of the PCR 
predictions give higher R values than the CBP model; the exception is ammonium 
flux, which was predicted equally poorly by both models (R2 ~ 0.33). Table 13 gives
Table 13. Pointwise R2 values for C hesapeake Bay benthic flux submodel 
(Di Toro, 2001) vs PCR method.
CBP model* PCR model
n h 4+ 0.45 0.32
n o 3- 0.20 0.27
«?o0_ 0.30 0.40
0 2 0.20 0.49
Si 0.15 0.31
mean 0.26 0.36
*estimated from Fig 14.37(A) in DiToro, 2001, since exact values were not given
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prediction statistics from the two methods for comparison. The mean R2 for all five 
compounds was still only 0.36, however, meaning only about a third of the variability 
in Chesapeake Bay fluxes is captured by the PCR method. It is important to note, 
however, that the CBP models do not include any effect of salinity. Salinity appears 
in nine of fifteen (60%) equations calculated by PCR, and is especially important in 
predicting NOx* and PO4"3 fluxes. The CBP predictions would probably be improved 
if salinity effects were incorporated into the model.
Several bottom-water variables consistently appeared in prediction equations for 
certain fluxes, in both the York River and Chesapeake Bay data sets. The most 
consistent of these, appearing in every PCR equation for NOx' flux, is salinity.
Several other variables are repeated in both the Chesapeake Bay and York equations 
for one or more season: dO (NTU+ spring and summer, NOx‘ spring), temperature 
(PO4"3 spring and fall, O2 fall), salinity (also NH4+ summer, O2 summer), [NH4+] (O2 
summer), and [NOx'] (NOx summer). However, in more cases than not, the equations 
for the York River were different than those for the Chesapeake Bay data. While the 
general method is applicable to both data sets, the equations resulting from this study 
should not be generalized to other systems.
Great care must be taken in drawing conclusions about the causal effects of the 
factors that appear in the PCR equations, however. It is a classic case where 
correlation is not causation. Take the above example of salinity affecting, for 
instance, ammonium flux. The effect may be direct; research has shown that the
71
cations in higher-salinity water may affect the ion balance, thus changing the 
behavior of ammonia within estuarine sediments (Rysgaard, et al., 1999). However, 
indirect pathways for salinity to change fluxes are legion:
• The estuarine salinity gradient affects macrofaunal abundance, which in turn 
influences fluxes (Mortimer, et al., 1999; Schaffner, et al., 2001).
• Lability and N:P ratio of organic matter can change in the switch from external to 
internal sources. For York River dissolved organic carbon, riverine input is 
mostly decades-old terrestrial matter and lower-estuary was a mix of 
autochthonous and riverine carbon (Raymond & Bauer, 2001); similar patterns 
are likely to hold for sediment carbon.
• likelihood of low-dO conditions may change along the salinity gradient, 
especially as depth also increases toward the mouth of the estuary, increasing 
NH4+ release with inhibition of nitrification
• phytoplankton production also varies with salinity region in the York River (Sin, 
et al., 1999), potentially changing the supply of organic matter to the sediments.
• in the York River estuary, water-column bacterial abundance increases with 
salinity, growth rate decreases, and community composition shifts (Schultz & 
Ducklow, 2000); similar changes may occur in sediment bacteria, changing 
decomposition reactions
Table 14 gives other scenarios for direct and indirect effects. In other words, teasing 
out why bottom-water conditions are important in determining benthic fluxes may be 
impossible; it certainly cannot be determined from the data presented in this study.
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The results of this study can be summarized in several overall conclusions. The first 
is that, although the magnitude and seasonal pattern of benthic oxygen and nutrient 
fluxes in the York River estuary conform to results from other estuaries, much of the 
phytoplankton nitrogen and phosphorus demand must be met by other nutrient 
sources. Although this may partly result from how photosynthesis is integrated over 
depth, the result does indicate that further investigation is needed. Flux ratios should 
be reported as median values, because the arithmetic mean is sensitive to outliers. 
Median flux ratios suggest that anaerobic decomposition dominates in York River 
sediments, not much nitrogen is lost through nitrification/denitrification, and that the 
sediments may slightly contribute to nitrogen limitation of phytoplankton growth.
The Principal Components Regression analysis did result in viable equations for 
modeling benthic nutrient fluxes, though the method was less successful at predicting 
oxygen uptake. The empirical PCR method did give better results than DiToro’s 
(2001) more mechanistic model for a Chesapeake Bay data set.
A few avenues for further research are also indicated by the current study. The 
benthic oxygen and nutrient data set is definitely incomplete for the York River. 
Future measurement efforts should focus on freshwater regions throughout the year, 
and winter values for the mesohaline and polyhaline regions. Winter data may be 
most interesting to pursue, given that some unusual results were shown in the few 
winter values in this study. No measurements have been taken in the oligohaline 
region. This area may be uniquely important in the York River estuary, because of 
frequent resuspension events in the turbidity maximum zone (Schaffner, et al., 2001).
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More data are also needed during hypoxic and anoxic bottom-water conditions. 
Estuarine benthic flux models, whether mechanistic or empirical, should include 
salinity effects. And, finally, regression-based modeling of benthic fluxes could be 
applied to other systems (e.g. oceanic or freshwater) to further investigate its utility.
The treatment of carbon supply as a source of flux variability is also probably 
inadequate in this data set. Sediment percent carbon only indicates the quantity of 
solid substrate in the sediment. Organic carbon quality and lability are not included, 
and may be quite important. Cowan & Boynton (1996) noted that growing-season 
average sediment chlorophyll-^ was strongly correlated with growing-season average 
NH4+, PO4'3, and Si fluxes. The correlation was not evident in pointwise 
comparisons, but their result does indicate that inputs of labile organic matter may be 
important in controlling fluxes. More information (e.g. sediment C:N ratio, stable 
isotope measurements, etc.) is clearly needed. Dissolved organic matter (DOM) 
could also play a role in benthic fluxes in the York River. Dissolved organic matter 
can certainly exchange across the sediment-water interface in estuaries (Boynton, et 
al., 1980; Cowan & Boynton, 1996; Hopkinson, et al., 1999; Anderson, et al., in 
press), though magnitude and direction can change rapidly. The fate of any dissolved 
organics taken up by the sediment appears to be unknown, but this may serve as 
another organic carbon source for benthic fluxes. More measurements in the York 
River estuary may prove illuminating.
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